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The Quaternary is the geological time period in which we live. The internationally recommended time for the beginning of the Quaternary is 1.64 Ma (Pliocene/ Pleistocene boundary). The predominant characteristics of the Quaternary are marked climatic change, glaciation, and the activity of other processes fuelled by climatic oscillations. Climatic change was the cause of periods of buildup and decay of ice sheets of continental scale and also resulted in transgression and regression of oceans, advance and retreat of deserts, and migration and extinction of plants and animals. From our own narrow perspective this dynamic period is important because it is the age of man.
Because the Quaternary is the latest geological time period, it is the one we know best and is the time during which geological processes fashioned the surface of the Earth as we know it today. Quaternary events are largely responsible for the soil in which we grow our food and the forests that we harvest; they are responsible for deposition of the surface materials with which we must contend in constructing buildings, roads, and pipelines; and they are responsible for the complex succession of units from which much of our groundwater is drawn, in which we bury solid wastes and into which we pump liquid wastes. Because patterns of climatic change similar to those which occurred in the past will, in all likelihood, occur in the future, we need an understanding of the mechanisms and patterns of climatic change during the Quaternary in order to provide a means of predicting future climatic changes and the probable regional distribution of climatically dependent phenomena such as permafrost.
The objective of this volume is to provide a synthesis and overview of the Quaternary geology of Canada and Greenland. It is hoped that this volume will serve as a source of information on those regions not particularly familiar to the reader and that the syntheses of areas with which the reader is familiar will stimulate new ideas. For those who are not Quaternary specialists, for readers from other countries, and for students, this volume is intended as a reference, a starting point for developing an understanding of the Quaternary of Canada and Greenland and an introduction to the Quaternary scientific literature. This volume is organized in three parts: Part 1 covers regional aspects of the Quaternary geology of Canada ( Fig. 1) and is aimed at supplying descriptive information on the nature of Quaternary materials, stratigraphy and events, and a review of Quaternary history. Part 2 considers some topical aspects of the Quaternary geology which in general apply to all regions of Canada. The topical chapters are aimed at providing an understanding of some of the processes and changes which have characterized the Quaternary and an understanding of the importance of Quaternary geology and events in our day to day lives.
Certain of the regional chapters also consider aspects of these same topics but at varying levels of detail. Part 3 concerns the Quaternary of Greenland; regional aspects are covered in sections dealing with eastern, western, and northern ice-free areas, and with offshore areas. The Greenland Ice Sheet is covered in a separate chapter.
THE QUATERNARY
The Quaternary is often referred to as the glacial age. The Quaternary is not the only geological time period during which glaciation occurred; records of glaciation as old as 2.5 Ga and glacial deposits of other glacial ages have been reported from many parts of the world. Nor was the Quaternary record exclusively glacial because there were many times when conditions were as warm as or warmer than present. Studies of marine and terrestrial sediments indicate that beginning about 2 million years ago the earth's climate began a series of cold-warm cycles that apparently caused growth and decay of continent scale ice sheets as many as eight times. These oscillations were irregular and many additional ones occurred that were not great enough to lead to full glacial conditions and the climate during each glaciation was not always the same because the limits of ice sheets varied from glaciation to glaciation. The net result, however, is that climatic swings and associated advances and retreats of the glaciers and seas that occurred during the Quaternary left unique signatures on the distribution of plants and animals and in geological deposits.
The dating and correlation of deposits that can be clearly related to early Quaternary glaciations are difficult. The defined base of the Quaternary used in this report is 1.65 Ma. This approximates the time when the main climatic oscillations began in the Mediterranean area and is marked by a major influx of cold climate marine and terrestrial fauna. The boundary stratotype adopted by the International Commission on Stratigraphy is the Vrica section, Calabria, Italy where the Quaternary/Pliocene boundary is placed 3-6 m above the top of the Olduvai Normal Polarity Subchronozone (Basset, 1985; Aguirre and Pasini, 1985) . Paleomagnetic and vertebrate fossil information has been used to identify deposits of this approximate age in one section in southwestern Saskatchewan, but in general, this boundary has not been recognized as marking a significant stratigraphic or faunal break in Canada.
The Quaternary Period has been subdivided into Pleistocene and Holocene epochs with Holocene defined as the last 10 ka (Fig. 2) Nomenclature, 1983) , it is an attempt to adapt rational, consistent terminology while making the smallest possible changes from generally accepted usages. The Illinoian, Sangamonian, and Wisconsinan (chronostratigraphic units) are defined by type sections in the midwestern United States (Willman and Frye, 1970) . In this report, the Sangamonian and Wisconsinan are equated with oxygen isotope stage 5 and stages 4-2 of the deep-sea record as defined in equatorial Pacific cores V28-238 and V28-239 by Shackleton and Opdyke (1973, 1976) . Despite the fact that the subdivisions of the Wisconsinan are called substages, a chronostratigraphic unit, this system follows Dreimanis and Karrow (1972) in referring to them as early, middle, and late (designations used for geochronological units).
Ideally all boundaries of a stratigraphic system should be defined in type sections, based on similar criteria, and dated by similar methods; however the availability of suitable deposits and sections and the techniques that can be used for dating varies with age of the deposits. The Holocene, Late Wisconsinan, and part of the Middle Wisconsinan stratigraphic framework are based on terrestrial deposits that are correlated mainly by radiocarbon dating. This is because terrestrial deposits for this part of the Beginning in 1970, the Geological Survey of Canada fielded its own large systematic Quaternary mapping operations in poorly accessible parts of Canada. The first work in Labrador was prompted by a request for information that would aid in assessing forestry potential; later projects in the Mackenzie Valley and the Arctic Islands were aimed at gathering data that could be used in assessing the viability of constructing oil and gas pipelines and assessing the environmental impact of hydrocarbon exploration in the North; programs mounted in the District of Keewatin, and northern Manitoba, and on Banks and Victoria islands were aimed at developing techniques for drift prospecting, at systematically determining the geochemical composition of surface materials, and at systematically obtaining Quaternary geological information that could be used in assessing the impact of future developments.
Three main developments, made since 1950 have profoundly influenced Quaternary work in Canada. The development of radiocarbon dating made it possible to obtain absolute ages of organic materials that are younger than 50 ka. This made it possible to set up a late Quaternary stratigraphy based on absolute ages. Research into amino acid racemization showed that the breakdown of amino acids is, among other things, age dependent. This has made it possible to use the ratios of different amino acids present in organic substances as a correlation tool and as an indication of relative age. A third development which has strongly affected the direction of Quaternary research is the study of oxygen isotope content of marine shells. This work has led to the setting up in marine Quaternary sediments of a series of crudely dated oxygen isotope stages which in theory are related to cycles of glaciation. Because this work was done in deep marine basins, the sediment record is assumed to be continuous so that the signature of climatic change developed is considered to be complete. Interpretation of this signature has generated a myriad of papers on the cyclicity of glaciations, relationships between glaciation and the Earth's orbital parameters, and causes of glaciation. Possibly the aspect of this work most significant to »terrestrial studies is that it provides a continuous record to which the discontinuous Quaternary land record can be compared.
Several Quaternary scientists have made outstanding contributions to the present foundation of Quaternary knowledge in Canada over the past three decades. J.G. Fyles developed the framework for Quaternary stratigraphy that is used in southern British Columbia, made many valuable observations and put forward many of the concepts embodied in the Quaternary framework of Arctic Canada; moreover, he was instrumental in establishing the Quaternary Division of the Geological Survey of Canada. J.R. Mackay has single-handedly pushed back the frontiers of our understanding of permafrost processes and has inspired many students, who continue to advance our understanding of this significant northern process. V.K. Prest, the first head of the Pleistocene Section of the Geological Survey of Canada, is responsible for many of our concepts of glaciation in the Maritime Provinces and has profoundly influenced our view of Laurentide Ice Sheet dynamics with his glacial and ice retreat maps of Canada. Probably the greatest contributor to Quaternary geology in Canada over the past century is A. Dreimanis. He has made substantial contributions in the fields of Quaternary stratigraphy, glacial history, drift prospecting, genesis of till, and classification of glacial deposits. Through his own work and that of his students and collaborators, he has developed a Quaternary stratigraphic framework for the Great Lakes -St. Lawrence Valley; he has fostered an interest in the study of the composition of tills and use of this information to determine till provenance and to develop an understanding of the transport of debris by ice; he has fostered an interest in structure and texture of till and in the use of this information to interpret and understand the genesis of glacial deposits.
The most recent trend influencing Quaternary geology work is a demand for surficial geology information that would aid mineral development. This requires greater emphasis on systematic collection of samples and extensive chemical analyses in order to learn more about the geochemistry of surficial materials. Hence Quaternary studies, which began as casual observations by geologists who were mapping bedrock in an attempt to find mineral deposits, developed into a specialty which is itself used to locate mineral deposits. This has resulted in a progression from the 1863 surface deposit map of Canada showing highly generalized units developed from widely scattered observations, through several generations of feature maps showing largely ice flow features and limits, to a surface materials map indicating the general nature of deposits over the entire country. Similarly, from a chapter prepared in 1863 by Robert Bell, limited to specific observations made largely in eastern Canada, we have progressed to a volume synthesizing the results of hundreds of papers reporting on data from all parts of the country.
PERSPECTIVES ON CANADIAN ICE SHEETS
The dominant factor in the Quaternary history of Canada is glaciation and most of the country has been covered by ice at least once (Fig. 3) . The number of times ice sheets have expanded and contracted across the country is unknown because erosion during subsequent ice advances and during nonglacial periods removes evidence of earlier events. In several parts of the country, however, evidence of at least four major glacial periods is present. In general terms the pattern of ice buildup and retreat was similar from glaciation to glaciation with ice accumulating and moving outward from the highlands during each glaciation and late ice remaining longest in these same areas. In detail, however, each glaciation probably differed from the others in extent of ice sheets, dominance of specific ice centres, and timing of advance and retreat from individual centres. During periods of glaciation the ice cover consisted of a major core ice sheet surrounded by areas dominated by smaller ice sheets, ice sheet complexes, and local ice caps. What follows is a thumbnail introduction to the major regions of Canada and to the ice masses that so profoundly affected their Quaternary geology; details are discussed in the regional chapters of this volume. Most of this is based on our understanding of the ice cover during the last glaciation (Fig. 4) .
Canadian Cordillera
The Canadian Cordillera consists of the mountainous region that lies to the west of the plains of Canada (Fig. 1, 3 Because ice in the central part of the Cordillera was surrounded by mountains, the sheet was relatively stable. With the ice sheet buttressed by the surrounding mountains reaching 2500 m, snowline had to rise to near this elevation before recession of the margin of the core ice sheet could begin. Consequences of this were: local ice caps did not persist on highlands during deglaciation; topographic highs were deglaciated before adjacent low areas; and the longest lasting ice remnants occupied main valleys and the lowest parts of the interior (areas where ice was thickest).
The ice sheet in the Cordillera developed on the western side of the continent in a belt of prevailing westerly winds and consequently it was little affected by develop-ment of other ice sheets; however, it probably influenced the supply of moisture to Laurentide ice sheets which lav to the east.
Stratigraphie evidence from the zone of confluence between Cordilleran and Laurentide ice suggests that either the Cordilleran ice reached its limit and was ret reat ing when Laurentide ice reached its maximum or that the two coalesced. It is not surprising that Laurentide ice would have reached the western edge of the Interior Plains later than Cordilleran ice because the western margin of the inland ice sheet was about 1500 km from the area of its inception whereas accumulation areas for Cordilleran ice were no more than a few hundred kilometres from the eastern edge of the Cordilleran ice sheet. Even though this was apparently true for the eastern margin of the Cordilleran ice sheet, during the Late Wisconsinan the southern margin of the Cordilleran ice sheet did not reach its maximum position until about 15 ka, several thousand years after the Laurentide Ice Sheet had begun to retreat.
Queen Elizabeth Islands
The Queen Elizabeth Islands area is shaped roughly like a right triangle with the northwest-facing hypotenuse adjoining the Arctic Ocean, the east-lacing side adjacent to northwest Greenland and Baffin Bay, and the base separated from Banks, Victoria, and Baffin islands to the south by Parry Channel (Fig. 3) . The eastern third of the Queen Elizabeth Islands consists of mountains and highlands with intervening lowlands and interisland channels culminating along its eastern margin in a rim of mountains. The remainder of the area grades from hills, ridges, and plateaus in the east to gently sloping coastal plains in the west.
Distribution of ice in the Queen Elizabeth Islands during periods of glaciation is poorly known. One interpretation for the Late Wisconsinan is that observed crustal downwarping can be accounted for only if the area was covered by an ice sheet (Innuitian Ice Sheet) which joined Laurentide and Greenland ice sheets. At the other extreme is the interpretation that there was limited ice cover during the last gla- Figure 3 . Major physiographic subdivisions of Canada and areal coverage of ice from different sources. ciation in the Queen Elizabeth Islands. This is based on the observations that extensive glacial deposits that clearly can be assigned to the Late Wisconsinan are not present. Proponents of this interpretation attribute the observed crustal depression to the combined loading effect of local ice caps and the adjacent Laurentide and Greenland ice. They agree that the presence of erratics and glacial landforms suggests that parts of the Queen Elizabeth Islands were covered by Laurentide and Greenland ice but say this did not occur during the last ice advance. The proponents of an Innuitian Ice Sheet explain the lack of glacial deposits by proposing that this ice was cold based (frozen to its bed) and consequently extensive glacial deposits were not produced and glacial erosion did not greatly modify the preglacial surface. Those arguing against an Innuitian Ice Sheet counter by saying that even a cold based ice sheet could not disintegrate without leaving evidence, at least in the form of meltwater channels.
That there should be two different glaciation hypotheses is understandable because of the contradictory nature of evidence of Quaternary glacial coverage in the region. The distribution of erratics suggests that much of the Queen Elizabeth Islands was at one time covered by a major extension of Laurentide ice and a limited extension of Greenland ice. The pattern of fiords and interisland channels leading away from topographic basins suggests former existence of lowland ice centres. There are, however, problems with finding a moisture source capable of nourishing a regional ice sheet at these high latitudes. Extensive modern ice fields occupy eastern highland areas where moisture carried Figure 4 . Approximate extent of main ice sheets during the last (Wisconsin) glaciation; arrows indicate probable directions of ice flow at the glacial maximum. Taken largely from Prest et al. (1968) and Prest (1984) but with some modifications.
northwestward from Baffin Bay supplies about 300 mm of annual precipitation. On the other hand the low western islands are true arctic deserts and in general receive less than 30 mm annually. Hence construction of a regional ice sheet from current levels of precipitation would be difficult and slow. If one assumes that both Baffin Bay and the Arctic Ocean were ice covered during glacial periods, moisture would have been even less readily available and ice sheet nourishment even more difficult at the culminations of glaciations. Consequently, it is difficult to imagine how there could have been a Late Wisconsinan Innuitian Ice Sheet in the Queen Elizabeth Islands unless through some quirk, glacial conditions resulted in greater quantities of moisture in the area than through present climatic conditions. To get around this problem one theory proposes that development of major ice sheets in the Queen Elizabeth Islands could only occur during warm interglaciations when the Arctic Ocean was not ice covered and relatively warm water in Baffin Bay could supply abundant precipitation. If this is true, a major ice sheet was not built over the Queen Elizabeth Islands during each glacial period but only following interglaciations warm enough for destruction of the Arctic Ocean ice cover. Evidence from cores taken in the Arctic Ocean suggests that this might not have occurred within the last 700 ka.
The current assumption is that when the northern hemisphere entered a glacial period, nourishment of glaciers in the Queen Elizabeth Islands decreased as ice cover in the Arctic Ocean became permanent, as the northward expanding Laurentide ice filled the channels and bays to the south, and as construction of ice shelves and development of a permanent, pack ice cover closed off Baffin Bay. These considerations have led to the interpretation that Queen Elizabeth Islands glaciers achieved maximum size at the start of glaciation and retreated slowly during the remainder of the glacial cycle with possibly a readvance during deglaciation when moisture sources again became available. An early (late interglacial) buildup of ice in the Queen Elizabeth Islands might help explain the rapid fall of sea level which oxygen isotope ratios of marine cores suggest occurred during the inception of glaciation before extensive glaciers appeared in the south. It also fits the story of the last glaciation during which extensive ice apparently occupied the region early in the cycle but late advance did not occur until early Holocene, after much of the Laurentide Ice Sheet had disintegrated.
Atlantic Appalachian area
The Atlantic Appalachian area consists of Nova Scotia, New Brunswick, Gaspesie, and Newfoundland, a series of islands in the Gulf of St. Lawrence (Prince Edward Island, Magdalen Islands, and Anticosti Island), and adjacent shelf areas (Fig. 3) Moisture to nourish Laurentide ice was available on all sides. The Atlantic Ocean to the east was undoubtedly a prime moisture source and all models depicting inception of glaciation recognize this. Abundant moisture was also available from the Gulf of Mexico but this probably had maximum influence only as the ice approached its southern limit. Some moisture was probably available from the Pacific Ocean but this was limited when Cordilleran ice was present. The Arctic Ocean was a potential source of moisture early during a glacial cycle, particularly if the preceding interglacial was warm enough to destroy the sea ice cover; but if most interglaciations were similar to the present one, a sea ice cover would have been present so only limited moisture for ice sheet nourishment would have been available from the north and northwest.
Two main theories for inception of Laurentide ice have been considered. The oldest is based on mountain ice sheet analogies and assumes that ice buildup began in the mountainous regions at the eastern edge of the area and that coalescing alpine glaciers became an ice sheet which grew towards the west and eventually covered all cèntral Canada. The second theory, referred to as instantaneous glacierization, hypothesizes that lowering of snow line permitted preservation of snow throughout the summer on sizable upland areas of Baffin Island and Labrador, this increased the albedo (ability to reflect solar radiation), cooled the atmosphere, and led to additional lowering of snow line. By this method large areas could be covered with ice in a short time.
Under the theory of expansion from mountain glaciers, the centre of ice dispersal migrated from highlands in the east towards Hudson Bay and remained there until final stages of déglaciation when the invading sea carved out the heart of the sheet, leaving remnant ice divides on the east and west shores of Hudson Bay. One problem with this theory is that buildup is a slow process, requiring tens of thousands of years, and removal of water from the oceans would have been slow at first followed by a relatively steady acceleration. By contrast, the oxygen isotope records from marine cores have been interpreted as suggesting that large amounts of moisture were removed from the sea early during glaciation and variable amounts at later times. A second problem is that ice is supposed to have flowed into Hudson Bay from the east and the west during only a relatively short period of the glaciation. Patterns of drift dispersal, however, indicate long term flow of ice into Hudson Bay from the east and west rather than flow outward from Hudson Bay. Finally, this theory predicts a relatively stable ice sheet but stratigraphie and ice flow data suggest that it was dynamic.
Computer modelling of glacier inception, based on the instantaneous glacierization theory, has shown that sizable ice sheets could be grown on Baffin Island and northern Labrador in 10 ka. Hence this theory seems to fit requirements of the rate of ice sheet growth. It also would produce a complex, multidomed feature similar to that postulated from field studies.
At its maximum extent during each glaciation, Laurentide ice probably had the same general size and shape as at its maximum during Wisconsinan (Fig. 4) . In the north and east the ice sheet terminated in the sea; in the south and west most of the ice ended on land. As stated earlier, locations of domes, saddles, and lobes were probably somewhat different during each glacial maximum but may have borne some similarity to the Wisconsinan picture.
It is possible to locate certain glacial limits and to correlate these from region to region with some degree of confidence. These are generally assumed to relate to the maximum of particular glaciations but in several cases may reflect readvance or stillstand positions developed during glacial retreats. Our concrete knowledge of the age of these limits is meagre and in only a few places can dated ice marginal deposits be assigned to specific glacial stages. Even with the last glacial advance, ages are normally based on a few radiocarbon dates on overridden interstadial sediments which yield a maximum but not the true age of the glacial event.
Our knowledge of the style of inland ice retreat is based largely on the retreat pattern of Late Wisconsinan ice. During this period ice retreat appears to have begun earliest in the west and south with remnants being preserved longest in the east and north (Baffin Island and Central Quebec). Parts of the ice sheet in the east and northwest retreated in contact with the sea and at times large segments of the southern and western ice margins retreated in contact with glacial lakes. The ice apparently was extremely dynamic during retreat with evidence of readvances, development of lobes, shifts in centres of flow, and surges. These late movements produced a complicated record of flow which obscured earlier regional flow patterns and probably is responsible for causing much of the confusion and controversy over the structure of the Laurentide Ice Sheet. 
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